Abstract. We analyzed [Ca 2+ ] i transients in Paramecium cells in response to veratridine for which we had previously established an agonist effect for trichocyst exocytosis (Erxleben & Plattner, 1994. J. Cell Biol. 127:935-945; Plattner et al., 1994. J. Membrane Biol. 158:197-208 
Abstract. We analyzed [Ca 2+ ] i transients in Paramecium cells in response to veratridine for which we had previously established an agonist effect for trichocyst exocytosis (Erxleben & Plattner, 1994 We show these effects to be reversible, and, hence, not to be toxic side-effects, as confirmed by retention of injected calcein.
Introduction
Veratridine, like batrachotoxin and aconitine, is frequently used as a Na channel agonists [2, 21] . Yet these lipophilic alkaloids can also act rather unspecifically, e.g., by labilizing membranes (causing increased fluidity and channel activity), as shown for veratridine [2, 7, 42, 50] . Veratridine is frequently assumed to act from outside the cell, but it may also become active from inside the cell [19, 22] , whereby it would have to penetrate the cell membrane [8, 22] . Activation of Na channels [1, 7, 22, 52] , or possibly also of Na + /Ca 2+ exchangers [52] or of Ca channels [12, 51] may then ensue.
In Paramecium, veratridine induces trichocyst exocytosis [15, 29, 36] , though less efficiently than the polyamine secretagogue, aminoethyldextrane (AED) [35, 38] or caffeine [15, 27] . For both these agents we demonstrated, also by fluorochrome analysis, the occurrence of a cortical [Ca 2+ ] i transient orginating primarily from cortical pools ("alveolar sacs" [49] ) and reinforced by superimposed Ca 2+ influx from the medium [14, 15, 26, 27] . For trichocyst secretion induced by veratridine, the source of calcium is addressed in this paper.
The strains we used were the 7S (wild type), nd9-28°C and tl. 7S cells represent the normal situation, as they possess numerous trichocysts docked at the cell membrane ready for immediate synchronous release by exocytosis. This involves membrane fusion and contents discharge ("decondensation" ‫ס‬ severalfold stretching of pear-shaped contents to needles during expulsion through exocytotic openings), [37, 38] . Membrane fusion requires a subplasmalemmal [Ca 2+ ] i increase [14, 15, 26, 27] , while decondensation of contents, with no Ca detectable by x-ray microanalysis [45] , requires access of Ca 2+ to the secretory materials [5] . This normally occurs by influx of Ca o 2+ after formation of an exocytotic pore [37, 38] . The nd9 mutant we used was grown at a nonpermissive temperature of 28°C, so it cannot secrete any of its trichocysts, although they are docked in great numbers at the cell membrane [3, 4, 30, 40] . Their trichocyst contents can decondense in vitro, but since nd9-28°C cells cannot form an exocytotic fusion pore, Ca 2+ must artifically obtain access to trichocyst contents to provoke their ("internal") decondensation [40] . The tl cells form no trichocysts [39] , so they display empty trichocyst docking sites [40] .
There were different reasons to include these mutants in our studies. Considering the differences in cell cortex structure, we wanted to see whether mutants would develop similar [Ca 2+ ] i transients in response to veratridine as the wild type. Any difference may yield important functional clues. For instance, nd9-28°C cells may show internal decondensation of trichocyst contents in response to a permeable agonist [27] , as we found. The tl cells may show much more pronounced [Ca 2+ ] i transients which may much more rapidly spread towards the cell interior via unoccupied trichocyst docking sites, and this is in fact what we observed. All strains analyzed contain the vast alveolar sacs system closely attached to the cell membrane, except at the origins of cilia and at docking sites of trichocysts [38] . Could veratridine mobilize Ca 2+ from these stores in all these strains and how may this be related to Ca o 2+ influx? Another question we briefly addressed is the possible consequence of mutated, nonfunctional voltage-dependent Ca channels in cilia of another mutant, d4-500r ("pawn"), [20, 44] . Finally, nonsecretory mutants, nd9 and tl, were used also for technical reasons, since these cells, in contrast to 7S cells, are not vigorously dislocated during quasiexplosive trichocyst expulsion. Therefore, these strains, though mobile, are much more easily and reliably amenable to 2 fluorochrome analysis of calibrated [Ca 2+ ] i transients, while 7S cells can be preferably used for semiquantitative, but fast, 1 analysis on a subsecond time scale [14, 26, 27] .
In our previous work with veratridine we combined quenched-flow and freeze-fracture to analyze quantitatively exocytosis by ultrastructural changes occurring at performed exocytosis sites (typical of trichocyst docking sites in Paramecium cells) during membrane fusion, resealing and endocytosis [36] . Paramecium has no voltage-dependent Na channels [32, 41] Our findings may have some bearing also on the analysis of some other cells, to which veratridine is frequently used as a cell membrane channel agonist.
Materials and Methods

CELL CULTURES
Paramecium tetraurelia cells were grown, monoxenically in a medium inoculated with Enterobacter aerogenes, in dried lettuce medium ([Ca 2+ ] o adjusted to 50 M and [Na + ] o to 0.4 mM, [33] ). Wild-type cells (strain 7S), a trichocyst-free strain "trichless" (tl) [39] , and a "pawn" mutant (d4-500r) devoid of ciliary voltage dependent Ca channels [20, 44] but with normal secretory capacity were all grown at 25°C, the nondischarge mutant nd9 [3, 4, 30, 40] ] o , were adjusted as previously described [14] and additionally measured in parallel controls, by occasional extracellular Fura Red addition. Veratridine (in absence of Fura Red, but with defined Ca 2+ content, as indicated in figure and table legends) was applied locally at a distance of ∼10 m from the cell, resulting in a trigger concentration of ∼1 mM. In some experiments cells were incubated with [Ca 2+ ] o ‫ס‬ 10 mM, and this was either kept at this level or diluted to 1 mM, depending on whether the trigger solution added in 10- ] o to ∼30 nM, i.e., slightly below resting levels (50-100 nM), we added 4.5 mM EGTA to the extracellular medium, as in ref. [26] . Since [Ca 2+ ] i can decrease with time, when Ca o 2+ is removed [12] , the fast Ca 2+ chelator BAPTA (1 mM final concentration) was eventually added to the veratridine solution. In some controls, vehicle only was applied. In other controls veratridine was applied to cells loaded with calcein to document membrane integrity [48] .
[Ca 2+ ] i transients were evaluated either conventionally in the dual wavelength mode, or by fast confocal laser scanning microscopy (CLSM) in the single wavelength mode (see below as well as figure and table legends). In detail, all fluorochromes were dissolved in 10 mM Tris-HCl buffer pH 7.2 and microinjected to a final concentration of 50 M (Fura Red) or 100 M (Fluo-3, Fura-2, calcein), whereby homogenous intracellular distribution (except for closed compartments, like vacuoles and trichocysts) became visible, before [Ca 2+ ] i changes were evaluated as described previously [26] . Veratridine-induced [Ca 2+ ] i transients were conventionally analyzed with the double excitation (440/490 nm)/single emission (Ն590 nm) fluorochrome Fura Red. Cell regions analyzed were either anterior or posterior, peripheral or central, respectively. As shown in the enclosed color image, defined cortical or more central cytoplasmic areas of similar size, close to or at ∼30 m distance from the cell border, respectively (boxes in Fig. 1 ), were evaluated. Mn 2+ -quench of Fura-2 ( ex ‫ס‬ 360/380 nm/ em Ն 510 nm) was used to demonstrate veratridine-stimulated Mn 2+ entry by unspecific Me 2+ conducting channels [9, 16] . Confocal analysis with Fluo-3 injected cells was carried out at video rate in an Odyssey XL, Noran Instruments (Middleton, WI, and Bruchsal, Germany), ex ‫ס‬ 488 nm/ em Ն 515 nm as previously described [14] . Calcein was analyzed by CLSM with the same filter set.
Exocytotic response was classified as follows. In 7S cells, veratridine-induced exocytotic response (membrane fusion and trichocyst secretory contents release by stretching ["decondensation"]) and [Ca 2+ ] i transients were correlated in time by confocal time series with alternating fluorescence and transmitted light pictures as previously described [14] . In nd9-28°C cells, veratridine-induced [Ca 2+ ] i transients were paralleled by internal trichocyst decondensation since these cells are incapable of membrane fusion, just as described for caffeine treatment [27] . The amount of veratridine-stimulated exocytosis (in 7S) or "internal decondensation" (in nd9) was classified in three categories (Tables 1, 3) , namely "−, +, ++" indicating no, weak-tomedium and strong local response, respectively, upon local veratridine application. [26, 27] . Fura Red false color images can easily be obtained with tl and nd9-28°C cells (Fig. 1, middle and bottom), to be combined with calibration as previously specified [26] , since these cells are not dislocated by exocytosis, which in 7S cells is so vigorous that fast CLSM/1 analysis is advised. Since [Ca 2+ ] i rest is quite similar in these strains, images obtained with Fluo-3 injected 7S cells by 1/CLSM analysis could be adjusted in Fig. 1 (top) to those obtained with Fura Red 2 recordings with the other two strains analyzed. As previously described [14] (Fig. 2) , while exocytosis is strongly inhibited under these conditions (Table 1) , just as in our previous freeze-fracture studies [36] .
Results
Figures
Surprisingly, nd9-28°C and tl cells revealed a pronounced cortical [Ca 2+ ] i transient (Fig. 3 ) not only at [Ca 2+ ] o ‫ס‬ 50 M, but also at 30 nM, thus strongly suggesting mobilization from cortical pools, while such evidence was much less pronounced with 7S cells (Fig. 2) . Spillover into central cell regions is most pronounced in tl cells, where it may be facilitated by unoccupied docking sites. This is most striking in tl cells triggered in presence of [Ca 2+ ] o ‫ס‬ 1 mM (again by dilution during veratridine application), thus strictly indicating superposition of store mobilization by Ca 2+ o influx. Upon veratridine stimulation, cortical [Ca 2+ ] i increase can be seen within 1 to 2 sec (i.e., the time required for filter changes) in tl and nd9-28°C cells, or over slightly longer time periods in 7S and d4-500r cells (Figs. 2, 3, Tables 1, 2) . In all cases, the veratridine induced [Ca 2+ ] i signal attenuates, as it sweeps, with some delay, towards the interior of the cell (Figs. 1-3) .
In pilot experiments with [Ca 2+ ] o ‫ס‬ 50 M, d4-500r cells showed a similar reaction to veratridine as 7S cells (Fig. 2 bottom) . This is comparable to data from the Cohen group [24] .
Data may occur via the somatic cell membrane, although veratridine is also reported to activate defective ciliary Ca channels in "pawn" cells [47] . Tables 1 and 2 summarize more clearly some of our [25, 34] . For these reasons, the reaction of nd9-28°C may be in between tl and 7S cells. (iv) Veratridine induces trichocyst exocytosis in 7S cells (as it does in d4-500r; data not shown), as previously analyzed [36] , while it causes internal decondensation of trichocyst contents without external release (exocytosis) in nd9-28°C cells which are incompetent for membrane fusion.
Which channels of the somatic cell membrane could conduct Ca 2+ during veratridine stimulation? To address this question, we analyzed Mn 2+ -induced Fura-2 quenching, as outlined in Materials and Methods. As documented in Fig. 4 with ex ‫ס‬ 360 nm, veratridine induces Ca 2+ o -insensitive fluorescence-quench only in presence of Mn 2+ . This effect is generally attributed to involvement of unspecific Me 2+ conductances [9, 16] . Some discontinuity, with a slight signal decay in the bottom part of Fig. 4 (without Mn 2+ ), is due to the problem that 7S cells cannot be kept totally immobile during the analysis time of 1 min.
Since in Paramecium some cation channels are distributed or activated unequally over the cell surface [ (Table 3) where some of the established cation channels are known to be concentrated [32, 41] , as discussed below. Recovery rates are quite different in the two cell regions. Finally we document, in Fig. 7 , that [Ca 2+ ] i responses to veratridine are concentration-dependent and reversible, thus again excluding toxicity. With increasing stimulation, increasing [Ca 2+ ] i responses and slightly delayed exocytosis can be achieved. In some experiments, conducted with calcein-loaded cells, we document absence of cytotoxic effects since this small marker (621 Da) does not leak under our experimental conditions (data not shown).
Discussion
Just like in some other cell types [2, 8, 21, 42] , including neuronal systems [1, 7, 12, 13, 17, 31, 51] , veratridine induces exocytosis in Paramecium cells [15, 24, 29, 36] . Depending on the cell type analyzed, mechanisms involved in veratridine activation may range from depolarization by activation of Na channels to Na o + -independent mechanisms. Only the latter can be assumed for Paramecium [15, 36] since these cells have no voltage-dependent Na channel [32, 41] .
Which might then be the common denominator for the stimulatory effect of veratridine? Several aspects can be discussed that are only in part related to the Na channel agonist function commonly attributed to this alkaloid.
First, veratridine may act not only from the outside, but it has been shown to activate some cells, e.g., via Na channels also from inside [19, 22] . At pH 7.3, as used here for extracellular application, veratridine is lipophilic and thus can "see" targets in the cell membrane, while it also enters cells [8, 22] . The cytosolic pH of Paramecium is unexpectedly low, i.e., 6.6, as recently reported [11] . Protonation fully activates veratridine [22] and, thus, can explain some of the effects we see in Paramecium, for instance internal trichocyst decondensation, as discussed below. Paradoxically this can also explain why we achieved no exocytosis activation in 7S cells after microinjection of veratridine [36] , since this was also performed in strictly buffered solution pH 7.3. In conclusion, permeation into/through membranes due to , which entered the cell and quenched Fura-2 fluorescence. The slight change in absence of Mn 2+ is due to unavoidable cell movement during mock application. lipid solubility [8] is highest in nonprotonated form, while protonation entails activation [22] .
Second, veratridine increases lipid bilayer fluidity [7, 42] , with the likely effect that different cation channels or exchangers can achieve higher open probability [8] . In some systems activation of Na channels may be the primary step [1, 7, 22, 52] influx in response to veratridine, in agreement with 45 Ca 2+ flux measurements [24] . Despite the different modes of action to be assumed for the different agonists which can stimulate trichocyst exocytosis in Paramecium cells, [Ca 2+ ] i responses to veratridine are, with some respect, similar to those obtained with the other agonists, i.e., AED or caffeine [26, 27] ] o ‫ס‬ 50 M. The anterior cell end was 3times stimulated with veratridine (arrows). The first trigger was suboptimal (<1 mM veratridine due to increased distance of application pipette), evoking a 2-fold cortical signal increase but no exocytosis. The second and third trigger (Ն1 mM veratridine) were applied to the same cell region 4.7 sec and 300.8 sec, respectively, after the first trigger. Both evoked a Ն4fold [Ca 2+ ] i rise in the cortex and, with a delay of 0.4 or 0.8 sec, respectively, trichocyst exocytosis (arrowheads). Central [Ca 2+ ] i increased only after the third trigger. ] i increases by a factor of ∼2.9, 5.7 or 6 in 7S, nd9-28°C or tl cells, respectively. Caffeine has to enter the cell to mobilize stores, as previously discussed [27] . Concomittantly, with caffeine or veratridine, exocytosis procedes considerably more slowly than with AED [28] and both agents produce "internal trichocyst decondensation," as defined above, in nd9-28°C cells -quite in contrast to AED. This effect would be compatible with labilization of trichocyst membranes, thus allowing access of Ca 2+ to secretory contents as cortical [Ca 2+ ] i rises to submicromolar concentrations required for "decondensation" [5, 23] . This would imply that veratridine (of caffeine) may activate so far unknown channel or transporter systems in the membranes of trichocysts whose contents are poor in Ca, but rich in Na [45] .
There remains, however, a striking difference between the different agonists for trichocyst exocytosis. Only with veratridine, the stimulation of trichocyst exocytosis (analyzed in detail previously by Plattner et al. [36] ) and the effect on [Ca 2+ ] i increase (this paper) is reduced with [Ca 2+ ] o ‫ס‬ 10 mM (a concentration well tolerated by these cells). This effect remained unexplained until now, particularly since we had shown the opposite effect with AED [35] Fig. 2 ) and exocytosis is inhibited (Tables 1, 2 ). (Inhibition of veratridine triggered trichocyst exocytosis by [Ca 2+ ] o ‫ס‬ 5 mM was previously observed also by Kerboeuf and Cohen [24] ). How can this be reconciled? We tentatively attribute this effect to the long estabished membrane stabilizing effect of Ca 2+ [18] , while at lower [Ca 2+ ] o , the established labilizing effect of veratridine may cause channel activation [7, 42] (Tables 1, 2) , when immediate membrane fusion is strongly inhibited according to previous quenched-flow/freeze-fracture analyses executed 80 msec after stimulation [36] .
In addition to activation of intracellular Ca 2+ release channels, probably located in alveolar sacs, which cell membrane channels may be activated by veratridine, i.e., (Table 3) , while such differentiation is unknown to us from cilia (though it may exist). (iv) Finally we achieved normal [Ca 2+ ] i transients and exocytosis with "pawn" cells, though their defective ciliary Ca channels may be activated by veratridine, as suggested in refs. [24, 47] .
Second, as outlined above, the Mn 2+ quenched Fura-2 fluorescence we see suggests activation of some unspecific cation conductances [9, 16] . Third, some [Ca 2+ ] i response occurring over the entire cell surface could involve different K or Na (or Ca) channels since in Paramecium both types are activated by Ca 2+ , as summarized by Preston [41] . Fourth, preponderance of both, [Ca 2+ ] i signals and exocytosis performance in anterior cell regions in response to veratridine, suggest activation of unequally distributed somatic cation channels or unequal activation of equally distributed such channels, as discussed below. (An alternative explanation by unequal sensitivity of the exocytotic machinery to Ca 2+ is unlikely, just because [Ca 2+ ] i transients are more pronounced anteriorly).
Which channels may be candidates? Mainly two channel types are reported which could meet these demands. (i) Nonvoltage dependent Na channels, characterized by Saimi [43] , are activated by veratridine or some other exocytosis stimulating agents, like AED or caffeine, preferentially in the anterior cell region [15] .
(ii) Mechanosensitive Ca channels could theoretically also be taken into account here because they are concentrated towards the anterior cell pole [32] . (iii) While we routinely exclude mechanical activation during secretion activation (not shown here; see Erxleben & Plattner [15] ), activation of either type of cation channel or of any other unidentified type, possibly of some Ca channels still to be specified [46, 47] or via a newly discovered Na + /Ca 2+ exchanger in ciliates [6] would appear feasible or, at least, cannot be excluded. Can the number of candidates be restricted? We tend to include activation of unspecific Ca 2+ conductances via Ca and/or Na channels, first, to explain stronger anterior [Ca 2+ ] i transients in response to veratridine, and, second, to explain Na o + -independent veratridine effects [36] considering that Na channels in Paramecium also carry Ca 2+ , particularly at low [Na 2+ ] o [43] . In the present context, previous measurements of Ca 2+ -dependent cGMP formation [47] , whole cell-patch recordings of Ca 2+ -activated currents [15] and 45 Ca 2+ flux measurements [24] during veratridine activation are compatible with the trigger mechanism we discuss, yet the precise type of cell membrane channel carrying Ca 2+ has to be established. 
